The mononuclear ruthenium tricarbonyl derivative mer- [Ru(CO) 3 (sha)], 1, was synthesized from the reaction of [Ru 3 (CO) 12 ] with N-salicylidene-2-hydroxyaniline (shaH 2 ) Schiff base. The corresponding reactions of the ruthenium cluster with shaH 2 in the presence of a secondary ligand L, L = 2-aminobenzimidazole, thiourea, pyridine, and triphenylphosphine, resulted in formation of the dicarbonyl derivatives [Ru(CO) 2 (sha)(L)], 2-5. The two carbonyl groups in these complexes were attached to the metal in a cis arrangement. In case of bipyridine (bpy) as a secondary ligand the [Ru(CO) 2 (shaH)(bpy)], 6, where the two CO moieties in a trans position. All the complexes were characterized by elemental analysis, mass, infrared and 1 H nuclear magnetic resonance spectra. The ultraviolet-vis spectra of the complexes showed broad visible bands due to metal-to-ligand charge transfer. The stereochemistry and theoretical optimization of the three-dimensional geometry of the ligand and the complexes were determined.
Introduction
Much attention is being directed to the chemistry of ruthenium because of its promising photochemical and catalytic properties [1, 2] . Ru(II) carbonyl complexes containing O,N-donor ligands and heterocyclic bases show redox properties as well as biological activity [3] . For example, Ru(II) carbonyl complexes containing bidentate Schiff bases and triphenylphosphine or pyridine were found to be efficient catalysts in the oxidation of alcohols to aldehydes in the presence of N-methylmorpholine-N-oxide as a co-oxidant [4, 5] . Furthermore, ruthenium carbonyl carboxylate complexes containing bipyridine ligands have good catalytic activity in the homogeneous hydrogenation of C C and C O bonds in hydroalcoholic solvents, which is an environmentally friendly process [6] .
Although Ru(I) complexes usually exist in dimeric forms, such as [Ru(OAc)(CO) 2 (dpa)] 2 , dpa = di(2-pyridyl)amine and [Ru 2 (C 6 H 5 CO 2 ) 2 (CO) 4 (pyridine) 2 ] [7, 8] , few such complexes have been reported with a mononuclear structure. Reaction of [Ru 3 (CO) 12 ] with salicylideneimine-2-thiophenol (satpH 2 ) Schiff base gave [Ru I (CO) 4 (satpH)] complex and spectroscopic and magnetic studies of the complex revealed that it was paramagnetic with an octahedral arrangement [9] . Our interest in the coordination chemistry of low-valent ruthenium complexes, especially with molecularly designed Schiff base ligands, prompted us to investigate the reactions of [Ru 3 (CO) 12 the presence of mono and bidentate secondary ligand (Scheme 1).
Materials and Methods

Reagents
[Ru 3 (CO) 12 ], pyridine, triphenylphosphine, 2-aminobenzimidazole, thiourea and 2,2 -bipyridine were purchased from Aldrich. N-Salicylidene-2-hydroxyaniline was prepared as described elsewhere [10] . All the solvents used were of analytical grade and were purified by distillation according to standard methods.
Instruments
Infrared (IR) measurements (KBr pellets) were carried out on a Shimadzu 8000 Fourier transform IR spectrometer. Electronic absorption spectra were measured on a Unicam UV2-300 ultraviolet (UV)-vis spectrophotometer. The spectra of the complexes were determined in various solvents (dimethylformamide, benzene, tetrahydrofuran and CH 2 Cl 2 ) at concentrations of about 1 × 10 −5 M. 1 H Nuclear magnetic resonance spectra measurements were determined on a Varian-Mercury 300 MHz spectrometer. Samples were dissolved in (CD 3 ) 2 SO with tetramethylsilane as the internal reference. The complexes were also characterized by elemental analysis (Perkin-Elmer 2400 CHN) and mass spectrometry (70 eV, EI, Finnigan MAT SSQ 7000 spectrometer). 3 ) was heated to reflux for 2 h. The color of the solution changed from orange to dark gray. The reaction mixture was cooled and the solvent was removed by evaporation. The solid residue was washed several times with boiling petroleum ether and then recrystallized from hot benzene.
Syntheses of [Ru(CO) 2 (sha)L] complexes (2-5)
A mixture of [Ru 3 (CO) 12 ] (0.1 g, 0.16 mmol), shaH 2 (0.1 g, 0.47 mmol) and L (pyridine, triphenylphosphine, thiourea and 2-aminobenzimidazole in benzene (about 30 cm 3 ) was heated to reflux for 3-4 h. The reaction mixture was then cooled, and the solvent was removed by evaporation. The complex was washed several times with boiling petroleum ether and then recrystallized from hot benzene. 
Synthesis of [Ru(CO) 2 (shaH)(bipyridine)] complex (6)
The procedure used was similar to that for the synthesis of complexes 2-5.
Computational details
All the calculations were performed as described previously [11] .
Results and discussion
IR and NMR studies
A series of ruthenium carbonyl Schiff base complexes (1-6) was synthesized from the reactions of [Ru 3 (CO) 12 ] with N-salicylidene-2-hydroxyaniline (shaH 2 ) alone or in presence of a secondary ligand (triphenylphosphine, pyridine, 2-aminobenzimidazole, thiourea, and bipyridine). The Schiff base shaH 2 ligand can act as a bidentate or a tridentate donor ligand, depending on the reaction conditions (e.g. oxidation state of the metal ion) [10, 12] . The IR spectrum of the free Schiff base exhibited a strong band at 1631 cm −1 due to the azomethine group. In the spectra of all complexes, this band was shifted to the region 1602-1611 cm −1 , indicating the coordination of the Schiff base through the azomethine nitrogen atom [12] ( Table 2 ). The bands at 1274 and 1243 cm −1 in the shaH 2 ligand have been attributed to phenolic C O stretching. On complexation, these bands shift to higher frequencies. (Ru O) and (Ru N) bands were observed in the 533-574 and 426-500 cm −1 regions, respectively. In addition, all other characteristic bands due to triphenylphosphine, pyridine, 2-aminobenzimidazole, thiourea, and bipyridine were shifted to higher frequencies indicating coordination of these ligands to ruthenium species ( Table 2) . The 1 H NMR spectra of the ligand and complexes 1-5 also confirmed the binding of the Schiff base and the secondary ligand to ruthenium (Table 3) . Table 2 Important IR data for shaH 2 and its ruthenium complexes. The spectra showed lower field shifts in the region 6.00-8.96 ppm assigned to the aromatic protons of the sha, pyridine, triphenylphosphine, thiourea, and 2-aminobenzimidazole moieties [13, 14] . The IR spectrum of [Ru(CO) 3 (sha)] complex, 1, exhibited three bands in the terminal metal carbonyl region at 2052, 1981, and 1941 cm −1 , indicating the presence of three CO groups attached terminally to ruthenium [15] . The number and pattern of bands in the IR spectrum indicated that the complex exists in a mer-[Ru(CO) 3 (sha)] structure with a symmetry 2a 1 + b 1 [16] . On comparison, the IR spectrum of the previously reported [Ru(CO) 3 (maleic hydrazide)] complex showed three bands at 2054, 1987, and 1920 cm −1 due to three CO groups bound to the metal [17] . Interestingly, the band due to the two OH groups of the shaH 2 ligand disappeared from the spectrum of the complex, as also confirmed by 1 H NMR spectroscopy. Elimination of the hydrogen from the OH groups indicated that the metal coordinated to the ligand oxidatively [18] [19] [20] . From the elemental analysis and spectroscopic data, it can be concluded that the ruthenium species exists in an octahedral environment with a 2+ oxidation state (d 6 ) and a low spin electronic configuration (Scheme 2).
The IR spectra of the four complexes [Ru(CO) 2 due to two CO groups attached to ruthenium ( Table 2 ). The existence of two bands for two CO groups bound to a metal indicates that they are in a cis position. The IR and NMR spectra of the complexes showed disappearance of the OH band-signal of the Schiff base, indicating that the ligand bound to the metal with the displacement of the two OH protons, i.e., the metal was in a 2+ oxidation state. Therefore, the ruthenium metal would expect to have a six coordinate arrangement in which the Schiff base bound from its tridentate donor atoms in addition to two terminal carbonyl groups and the secondary monodentate ligand. Scheme 3 shows the proposed structure of the complexes.
The IR spectrum of the complex [Ru(CO) 2 (shaH)((bipyridine)], 6, showed a (OH) stretching frequency at 3420 cm −1 . It also displayed a strong band (a 1g ) in the terminal metal carbonyl region due to two CO ligands attached to the metal [21, 22] . The 1 H NMR spectrum of 6 showed no signals for the ligands protons, which is a characteristic feature of paramagnetic species. Magnetic susceptibility measurement of the complex at 298 K showed an effective magnetic moment μ eff of 1.56 μ B . The μ eff value is slightly smaller than the spin-only moment of an unpaired electron (1.73 μ B ). Thus, it can be concluded that a change in the formal oxidation state of the ruthenium atom from zero to 1+ was achieved via oxidative addition of the shaH 2 ligand to ruthenium with a proton displacement to give a low-spin d 7 electronic configuration [19] . Therefore, according to the spectroscopic studies, the complex might have the structure proposed in Scheme 3.
Stereochemistry of complexes
In investigating the stereochemistry of the most stable complexes, we first focused on the structure of the shaH 2 molecule and specifically on the orientation of its terminal functional groups with respect to each other and to the central azomethine moiety. An energetically stable model (19. 45 kcal/mol) showed a specific feature, whereby one of the hydroxyl groups was oriented towards the azomethine nitrogen to form a hydrogen bond (N H distance = 2.53Å, Fig. 1 ). In addition, it can be observed that the structure is not planar; the hydroxyl group that is not involved in the hydrogen bonding is bent away from the plane and contains the imine and the other hydroxyl group in order to reduce the steric repulsion. The dihedral angle between the two planes was found to be 65.2 • . This orientation suggests that the ligand coordinates to the metal through the azomethine nitrogen and one hydroxyl group acts as a bidentate ligand or acts as a tridentate with the coordination of additional hydroxyl oxygen atoms.
For the [Ru(CO) 3 (sha)] complex, an energetically stable model with distorted octahedral geometry was found to have about 99.23 kcal/mol, which is consistent with the spectroscopic findings (Fig. 2) . The bonding between Ru and the sha moiety was determined from distance and angle analysis, showing bond lengths for Ru N and the two Ru O of 1.94, 1.89, and 1.90Å, respectively. Optimized angles for N Ru O (six membered The four Ru(CO) 2 (sha)L complexes were optimized at the same level of theory. Fig. 3 illustrates the minimum energy optimized structure of Ru(CO) 2 (sha)(thiourea) complex as an example. The significant feature of these structures is the distorted octahedral coordination around the ruthenium species. For example, the bond angles involving ruthenium in the Ru(CO) 2 In the case of the Ru(CO) 2 (shaH)(bipyridine) complex, where the secondary ligand is the bidentate bipyridine ligand, the energetically stable model (476.17 kcal/mol) shows different structural arrangements from those of the monodentate ligands (Fig. 4) . The shaH moiety is attached to Ru as a bidentate ligand and the two CO groups are bound to the metal in a trans fashion (OC Ru CO bond angle, 173.2 • ), which is consistent with the IR studies. Also, the hydroxyl group of the shaH moiety was oriented toward the azomethine nitrogen to form a hydrogen bond (N H distance = 2.30Å).
Electronic absorption spectra
The UV-vis spectra of the shaH 2 ligand and the complexes were measured in various solvents (tetrahydrofuran, CH 2 Cl 2 , dimethylformamide, and C 6 H 6 )( Table 4 ). The electronic absorption spectrum of shaH 2 consisted of two high intensity bands in the range 262-272 and 352-357 nm, due to -* and n-* transitions, respectively. A bathochromic shift in the -* electronic transitions was observed in the complexes, while the n-* bands exhibited hypsochromic shift with a considerable change in absorbance (Table 4) . These orders of shifts in electronic transitions are consistent with complex formation. The solvent had a slight effect on the band positions. All the spectra of the complexes exhibited bands around 400-500 nm, which could be assigned to charge transfer transitions [23] . The spectrum of 1 showed a broad absorption band around 400 nm in all solvents, which could be due to M→L charge transfer arising from excitation of an electron from the metal t 2g level to the unfilled molecular orbitals derived from the * level of the ligands, in accordance with the assignments made for similar octahedral ruthenium (II) complexes [5] . Complexes 2-6, however, exhibited broad absorption bands, with shoulders at lower energies than complex 1. The presence of different acceptor levels in these complexes may be responsible for the observed multiple absorptions [9, 24, 25] . Table 4 The UV-vis data for shaH 2 
